The abnormal lymphocytes in adult T cell leukemia (ATL) reveal a peculiar morphology that is characterized by indented or lobulated nuclei. While human T lymphotropic virus type I (HTLV-I) is thought to be integrated in ATL cells, the correlation between the nuclear irregularities and HTLV-I infection is obscure. We have devised a novel single cell polymerase chain reaction (PCR) technique to examine the integration of HTLV-I provirus genome in cells from two patients with ATL. To isolate single cells, peripheral blood smears were prepared on thin polyester slides and stained with May-Grü nwald-Giemsa. Morphologically defined single cells were cut out after light microscopy. The HTLV-I DNA sequences were detected not only in ATL cells but also in normal-looking lymphocytes. This novel PCR method may provide a valuable tool for understanding the molecular events associated with HTLV-I infection at the single cell level.
Introduction
Human T lymphotropic virus type I (HTLV-I) is the ethiologic agent of adult T cell leukemia (ATL). The primary cellular target of HTLV-I is the T lymphocyte. The malignant cells from patients with ATL have the phenotype of mature helper T cells which usually express the CD2, CD3 and CD4 antigens. [1] [2] [3] With regard to the in vivo cellular tropism of HTLV-I, it has been reported that HTLV-I infects a variety of hematopoietic cells such as T cells (both CD4-positive and CD8-positive cells), B cells, monocytes and macrophages. [4] [5] [6] ATL cells have moderately condensed nuclear chromatin and nuclear indentations or lobulations. While the presence of ATL cells is an important pathologic feature of ATL, the proportion of ATL cells in the peripheral blood does not always correspond to the proportion of the malignant cells. The abnormal-looking cells are usually counted as malignant lymphocytes. However, it is conceivable that some lymphocytes with normal morphology are also infected by HTLV-I in patients with ATL and HTLV-I carriers. PCR in situ hybridization was used to detect HTLV-I in the blood smears of ATL patients. 7 We have developed a novel single cell PCR technique by which single target cells can be easily picked up and subjected to PCR analysis. This method would enable us to investigate the molecular events in a morphologically defined ATL cell.
Peripheral blood lymphocytes from two patients with ATL (Table 1) were examined. The diagnosis of ATL was based on the clinical and immunophenotypic features along with positive anti-HTLV-I antibody. The clinical subtypes were defined as described.
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Isolation of single cells
Horizontal or vertical lines were drawn on thin polyester slides at spaces of 1-2 mm with 23-gauge needles. Peripheral blood was diluted by the donor's plasma and smeared on the thin polyester slides. The cultured cells were cytocentrifuged on to the polyester slides using Sakura Auto Smear CF-12D (Sakura Seiki, Tokyo, Japan). The smears were fixed with MayGrü nwald solution for 1 min, and stained with Giemsa solution for 5 min. The specimens were cut to make approximately 1 mm squares by clean scissors or scalpels (Figure 1a) . The squares containing a single cell ( Figure 1b ) were cut out with scalpels and placed into 500 l microtubes with needles. The single cells were photographed and subjected to PCR analysis.
Single cell PCR analysis
The single cells were digested with 20 l of proteinase K solution containing 100 g/ml of proteinase K in 1 × PCR buffer (20 mM Tris-HCl, 50 mM KCl) for 30 min at 37°C. The proteinase K was inactivated by heating at 97°C for 10 min and then the PCR mixture was added to the samples in a final volume of 100 l (1 mM dNTP, 4 mM MgCl 2 , 100 pmol of each primer, 5 units of Taq DNA polymerase in 1 × PCR buffer) (GIBCO-BRL, Gaithersburg, MD, USA). The PCR amplification of HTLV-I pol sequences was performed with seminested primers as follows: SK110 (sense), 5′-CCCTACAATCCAACCAGCTCAG-3′; SK111 (antisense), 5′-GTGGTGAAGCTGCCATCGGGTTTT-3′; SK112 (sense), 5′-GTACTTTACTGACAAACCCGACCTAC-3′. 12 The intronic primers of amyloid precursor protein (APP) gene were used as the internal cellular DNA control (5′-CCTCATCCAAATGTCCCCG TCA-3′; 5′-GCCTAATTCTCTCA-TAGTCTTAATTCCCAC-3′). 13 The cycling parameters used in the first PCR were two cycles of 3 min at 95°C, 2 min at 55°C, and 3 min at 72°C; 30 cycles of 1.5 min at 94°C, 2 min at 55°C, and 2 min at 72°C; and 10 min at 72°C. Aliquots (4 l) of the first-round PCR product were transferred to each 16 l second-round amlification mixtures containing seminested primer pairs. The cycling parameters for the second-round PCR amplification were 25 cycles of 1.5 min at 94°C, 2 min at 55°C, and 2 min at 72°C; and a single cycle of 10 min at 72°C. The first-round PCR with SK110 and SK111 produces 186 bp products (position 4757-4942, pol-I), and the second round PCR with SK112 and SK111 produces 118 bp products (position 4825-4942, pol-II). The primers Px-F (sense, 5′-TGGACAGAGTCTTCTTTTCG-3′) and Px-R (antisense, 5′-GCCAGTAGGGCGTGACGATG-3′) were used to amplify the pX sequense (120 bp) of HTLV-I. All experiments were performed using a reaction tube without DNA template as a negative control and a tube containing a single ATL1K cell as a positive control. Ten microliters of the second-round PCR products were electrophoresed on composite gels containing 2% Seakem agarose/1% NuSieve (FMC, Rockland, ME, USA) or 6% polyacrylamide gels, and visualized with UV light after ethidium-bromide staining.
Results
Seminested single sell PCR analysis of ATL1K and GP-1
HTLV-I-integrated cell lines, ATL1K and GP-1, were cytocentrifuged on to the thin polyester slides and the single cells were isolated as described in Materials and methods. The second-round PCR mixtures containing seminested primer (SK112) were subjected to 10-25 cycles of PCR amplification. Amplification with the primer pairs (SK111 and SK112) produced a 118 bp band which corresponds to the HTLV-I pol sequence. The HTLV-I DNA sequence was detected in 16 of 20 single ATL1K cells (80%), and in all the single GP-1 cells examined (15 cells). Three representative single cell PCR products of the ATL1K and GP-1 are shown in Figure 2 . The APP gene sequence was also amplified in some of the single cells isolated from the cell lines. However, the intensity of the APP gene bands (319 bp) was fainter than that of the HTLV-I DNA bands.
Cell number-dependent effect of the PCR analysis
The cell isolation method described here can be used in picking up the number of cells which are needed for each PCR analysis. A small piece of the slide containing 1-10 ATL1K cells in each section was subjected to PCR amplification of the HTLV-I genome. The 118 bp pol band was intensified corresponding to the increasing number of cells contained in the section (Figure 3) . The result indicates that the intensity of the band produced by the PCR amplification is correlated with the number of HTLV-I copies in each single cell. The sensitivity of the single cell PCR assay appeared to be influenced by the copy number of the HTLV-I proviral DNA sequences of the HTLV-I-infected cell.
Detection of HTLV-I proviral DNA in single lymphocytes from a patient with chronic ATL by seminested PCR
The peripheral blood sample from a patient with chronic ATL (case 1) was appropriately diluted with the patient's plasma. Approximately 2-3 l of the diluted blood sample was smeared on the thin polyester slides. Twenty-three single lymphocytes, including 14 with normal nuclear morphology and nine with indented or lobulated nuclei, were isolated and subjected to the PCR amplification with seminested primers. The HTLV-I proviral DNA sequences were detected in two of the 14 single cells with normal nuclear morphology (Figure 4a ,
Figure 2
Seminested single cell PCR analysis of HTLV-I-infected cell lines. Single ATL1K and GP-1 cells were isolated and subjected to firstround PCR amplification with HTLV-I pol primers (SK110/SK111). The second-round PCR mixtures using SK111 and SK112 were subjected to 10-25 cycles (bottom numbers) of PCR amplification. Three representative single cell PCR products were electrophoresed on composite gels containing 2% Seakem agarose/1% NuSieve and visualized with UV light after ethidium-bromide staining. The second-round PCR with primers SK111/SK112 gave a 118 bp band corresponding to HTLV-I pol sequence. The 186 bp bands represent PCR products produced by the primer pair SK110/SK111. The APP gene sequence (319 bp) was used as the internal cellular DNA control. m, Molecular size marker (HincII-digested X174).
Figure 3
Cell number-dependent effect of the seminested PCR analysis. A small piece of the polyester slide containing 1-10 ATL1K cells in each section was subjected to seminested PCR amplification with HTLV-I pol primers (SK110, SK111 and SK112). The pol-II (118 bp) bands correspond to HTLV-I pol sequence. The intronic primers of amyloid precursor protein gene were used as the internal cellular DNA control (319 bp, APP). m, Molecular size marker (HincII-digested X174). Figure 4a ). Thus, it became clear that the HTLV-I proviral DNA was integrated into the lymphocytes which appeared to be morphologically normal lymphocytes.
Single cell PCR analysis of acute type of ATL
A patient with the acute type of ATL (case 2) was analyzed by the single cell PCR method. Fourteen single cells having a typical morphology of ATL cells were isolated and subjected to the PCR analysis ( Figure 5 ), and six of them gave rise to the 120 bp bands using the pX primer set (Px-F/Px-R).
Discussion
The presence of abnormal lymphocytes (ATL cells) is important for the diagnosis of ATL. The ATL cells are assumed to be infected with HTLV-I. In the present study, we have used a single cell PCR technique to examine the integration of HTLV-I proviral DNA in ATL cells and non-ATL cells from two patients with ATL. The difficulty associated with single cell PCR analysis is in picking up specific target cells. Here, we developed a novel procedure for obtaining and analyzing the single cells stained with May-Grü nwald-Giemsa. This method allowed us to study simultaneously the molecular events and morphological features of the HTLV-I-infected cells. We isolated single lymphocytes from the peripheral blood smears of the patients and analyzed HTLV-I proviral DNA by the PCR method. The HTLV-I DNA sequences were detected in morphologically normal lymphocytes as well as typical ATL cells. While it has been postulated that both nor-
Figure 4
Detection of HTLV-I proviral DNA in single lymphocytes from a patient with chronic ATL (case 1). (a) Twenty-three single lymphocytes were isolated and subjected to seminested PCR amplification with HTLV-I pol primers. Fourteen lymphocytes reveal the normal nuclear morphology (left panel) and nine irregular nuclei (right panel). The PCR products were electrophoresed on agarose gels and visualized with UV light after ethidium-bromide staining. The first-round PCR with SK110 and SK111 produces 186 bp products (pol-I), and the second-round PCR with SK112 and SK111 produces 118 bp products (pol-II). m, Molecular size marker (HincII-digested X174). mal and abnormal lymphocytes in patients with ATL are infected with HTLV-I, the direct evidence has not been provided in most previous reports. Our results directly demonstrate that the ATL cells are infected with HTLV-I. Moreover, the postulates that morphologically normal lymphoid cells in ATL are infected with HTLV-I was verified by the direct single cell PCR assay. It has been poorly understood how the morphological features of ATL cells are induced by HTLV-I infection. Little is known about the mechanism which causes the nuclear abnormalities, such as notching, indentation, binucleus and convolution. The single cell PCR analysis presented here might provide a valuable clue for understanding the molecular differences between the abnormal lymphocytes mimicking ATL cells and morphologically normal lymphocytes.
A regulatory gene, tax, which is located in the pX region of the HTLV-I genome, was identified as the gene responsible for viral replication, 14, 15 and the abnormal growth and immortalization of HTLV-I-infected T cells. 16 Recently, defective
Figure 5
Fourteen single ATL cells were isolated from case 2 (acute type) and subjected to single cell PCR analysis. PCR amplification with the primer pair Px-F and Px-R produced 186 bp bands corresponding to the pX sequences of HTLV-I. The PCR products were electrophoresed on 6% polyacrylamide gels and visualized with UV light after ethidium-bromide staining. The arrows indicate the HTLV-I genome-positive cells. P, positive control (MT-2 DNA).
HTLV-I integration patterns have been reported in several patients with aggressive ATL. 17, 18 The gag, env, and/or pol deletions were detected in these patients, while the pX region was not deleted in any of the patients. 17, 18 When we used a pX primer pair in the single cell PCR analysis of an acute ATL case, the pX sequences were detected in six of 14 single cells. The six single cells showed the typical morphology of ATL cells, indicating that HTLV-I proviral genomes were integrated in the ATL cells.
It is often difficult to distinguish ATL cells from non-ATL cells by morphology or immunophenotyping alone. Demonstration of monoclonal proliferation of HTLV-I-infected T cells is essential for the diagnosis of ATL. Recently, an inverse PCR (IPCR) method has been developed to detect the monoclonal HTLV-I-infected T cells with a small number of samples. 19 However, this method does not permit morphological identification of the clonal ATL cells. The morphological and molecular features of the clonal ATL cells have not been identified on the blood smears. We have devised a novel single cell PCR technique which does not require skill and experience to pick up the target cells accurately. This thin polyester slide-based isolation method and the following PCR analysis enables us to pick up single lymphocytes from patients with ATL and identify the HTLV-I-infected cells on the blood smears. We can investigate the molecular events of the morphologically defined ATL cells at single cell level. The isolation method and subsequent PCR analysis, as described here, might be applicable to various gene analyses such as detection of immunoglobulin gene rearrangement in leukemia and lymphoma, and detection of HIV-infected cells in AIDS.
